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Globally, magnesium (Mg), as the lightest metallic material, imparts a significant 
long term impact on the stipulation of lightweight structures in aerospace and 
automotive industries. However, the deformation behavior of magnesium at 
ambient (room) temperature is not acceptable for most of the structural 
applications because of its hexagonal closed pack (hcp) structure and limited 
active slip systems which result in an unacceptable level of brittleness (literally 
no formability at ambient temperature). Having said this, alloying Mg with an 
element with more active slip system in its crystalline structure (i.e. lithium with 
body center cubic crystalline structure) might be a solution to improve strength 
and ductility of the Mg. Addition of the lithium (Li) as the lightest element 
(density 0.54 g/cm3) in Mg (density ~1.74 g/cm3) results in enhanced plasticity 
producing ultra-light metallic alloys of Mg-Li with density of 1.35-1.65 g/cm3. 
The Mg-Li alloys are considered as the lightest metallic alloys which make them 
unique for many weight-saving applications.  
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Aluminum reinforcement in Mg-Li matrix develops the strength and corrosion 
resistance without introducing any second phase in the alloy. Because of its high 
solubility in Mg, aluminum can improve the strength without deterioration of 
density of Mg-Li alloy by means of grain size refining, solid solution hardening, 
and compound reinforcements. Although the alloy (Mg-Li-Al) possesses 
acceptable elastic modulus to density ratio, specific strength, damping 
capabilities, and electromagnetic shielding capability, extensive applications of 
Mg-Li alloys are still limited due to relatively low strength, poor corrosion 
resistance, and limited thermal stability.  
In the present project a single phase Mg-3.5Li-Al (wt%) and a dual phase Mg-
14Li-Al (wt%) are first thermomechanically processed through hot compression 
tests. Then microstructure, post thermomechanical properties, and hot 
compression stress-strain curves are studied. The main objective is to correlate 
the microstructure with the small scale properties and processing parameters (i.e. 
thermomechanical parameters like temperature and strain rate).  The 
thermomechanical cycle consists of uniaxial compression at temperatures of 
250°C, 350°C, and 450°C and strain rates of 1, 0.1, 0.01, and 0.001 /s using a 
Gleeble® 3500 thermal-mechanical simulation testing system. True stress-true 
xv 
 
strain curves plotted from the thermomechanical tests were used to assess the 
working behavior of the materials, to analyze and to understand the 
microstructure evolution which reflect intrinsic mechanical properties. 
Microstructural changes, hot compression stress-strain curves, and 
nanoindentation load/displacement response, to study post processing 





 CHAPTER I 
1. INTRODUCTION 
1.1. Background Information and Motivation  
Due to the crucial fact associated with increasing amount of greenhouse gas emissions, 
minimize the carbon dioxide emissions and reducing fuel consumption rate in the 
automotive and aerospace industries are turning into considerably essential subjects of 
discussion for numerous countries. Several enterprises, including the automotive and 
aerospace, are evaluating approaches to lessen the general weight of their vehicles. 
There has been a change from ferrous materials and high strength steels to lower 
density materials like magnesium. Given low density, and magnificent mechanical 
strength of magnesium alloys, these materials give excellent reactions to supplant steel 
in both aerospace and automotive vehicles to diminish the general weight. This 
decrease in weight prompts lower fuel utilization and thus bringing down the effect of 
the carbon dioxide discharges on the environment.  
As magnesium is spreading out into more crucial automotive structural applications, 
there is a huge demand for developing magnesium alloy products to provide better 
mechanical and physical properties, corrosion resistance and crash performance. Most 
crucial fact is the improvement of the plasticity of wrought magnesium, which turns 
into drastically decreased at room temperature. Because of the limitations that pure 
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magnesium possess makes this vulnerable to bring this light weight material in 
applications.  
The challenges with the application of magnesium especially at room temperature are: 
its hexagonal close-packed (hcp) structure, a limited amount of slip systems and limited 
ductility [1]. Due to the poor ductility and formability of magnesium at room 
temperature Mg alloy applications have been considerably hampered. Recent alloy 
development activities in Mg have commenced due to the interest in using lightweight 
magnesium in automotive and aerospace applications. Mg-Li-Al are one of the most 
widely used alloys for sheet and plate products [1]. Alloys with very low density and 
good formability have been developed by adding lithium to magnesium. This alloy 
responds excellently to high formability, and can potentially be formed at room 
temperature [1]. However, there are a number of unanswered questions on the ambient 
and non-ambient plastic deformation of ultralight Mg-Li-Al alloys and this thesis tries 
to shed some light on the thermomechanical processing (TMP) of the alloy. 
1.2. Problem Statement and Scope of Thesis 
Final performance occurs at ambient temperatures, the plasticity of magnesium at these 
temperatures remains paramount to their performance in structural applications. Most 
critical is the improvement of the plasticity of magnesium alloy, which becomes 
dramatically developed as lithium has been added in the Mg body in Mg-Li alloy. 
Afterwards, various manufacturing processes like the TMP can be used to change the 
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properties of the Mg-Li alloy. To assess post-TMP properties, a non-destructive depth 
sensing nanoindentation testing method has been employed. Precise understanding of 
the properties and configurations will help improve the application of the alloy in 
different fields of the vehicle components, aviation, electronic, and sport industries.  
This project focuses on the TMP of two specific Mg-Li alloys, wrought magnesium alloy 
Mg-3.4Li-Al and Mg-14Li-Al. The main purpose is to compare the hot workability and 
the microstructure of these two alloys and their post TMP mechanical properties optical 
and scanning electron microscope images, X-ray diffraction and results from 
nanoindentation tests. 
1.3. Thesis Organization 
The thesis has been divided into five chapters which are as follows: The first chapter 
delivers a brief overview to the issue and states the motivation and objectives of the 
work. Chapter two familiarizes thermomechanical processing, magnesium, magnesium 
lithium alloys and their physical and mechanical properties. It further deliberates the 
conventional concepts and studies regarding the effect of TMP processing parameters 
(e.g., temperature and strain rate) on the microstructural mechanical properties. 
Chapter two also, describes the background of Nanoindentation testing which was used 
in understanding post TMP mechanical properties for the alloys. Chapter three yields 
the numerous experimental procedures used in this study. Chapter four explains the 
experimentally observed results and correlation established between the processing 
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parameters and mechanical properties through the characterization of wrought Mg-
3.5Li-Al and Mg-14Li-Al alloy. The experimental results were determined via hot 
compression and nanoindentation testing. The relationship between microstructures 
and mechanical properties for each alloy observed are described. Finally, Chapter five 
delivers assumptions of the research results and recommendations to further utilize the 





2. LITERATURE REVIEW 
2.1. Thermomechanical Processing 
Most commercial metal products in the industry, their properties and external shape are 
the result of hot- deformation, such as forging, rolling methods. Whereas the required 
mechanical properties achieved from the alloy configuration and by hot deformation. 
Development or change in mechanical properties as direct consequences of the alloying 
elements are often perceived as a result of heat treatment. 
In Thermo-mechanical processing (TMP), all shaping, and heating activities connected 
to the beginning material prompts semi-or last items described by new, better 
properties (as for the underlying material). Microstructure and texture evolutions are 
key of significance for anticipated changes [2]. 
The ‘mechanical’ part of thermo-mechanical processing (TMP) essentially implies the 
mechanics of plastic deformation, whereas ‘thermo-’ to the impact of the heat treatment. 
Fig. 2-1 shows that through the process the material undergoes as result of 
thermomechanical properties reflects on the microstructure as change of properties. 
Therefore, microstructure is the result of process, properties and materials amid heat 




Figure 2-1. The TMP cycle. 
Basically, TMP is a metallurgical procedure that consolidates mechanical or plastic 
deformation process like compression or forging, rolling etc. Moving and so on with 
thermal procedures like heat-treatment, water quenching, heating and cooling at 
different rates into a solitary procedure. 
The capacity of a metal to plastically deform relies upon the capacity of dislocation to 
move. Limiting or blocking dislocation motion renders a material harder and stronger. 
Moderately high stress required to start plastic deformation at room temperature, 
ability to work harden amid plastic straining which offers ascend to their steadiness or 
limit to oppose failure. Most importantly, whenever heated, plastic flow turns out to be 
moderately simple, therefore the material can be formed into segments or semi-
completed items including vast strains. Fig. 2-2 highlights some techniques for bulk 
manufacturing at elevated temperature. Some common type of bulk metal forming 









Figure 2-2. Bulk Material Processing. 
Hot deformation turns out to be a significant part of heat treatment and consequential 
metallurgical differences from the initial material occurred by hot deformation yields 
newer effects on the properties of the material following cooling or final heat treatment 
[3].  
Numerous superior metallic alloys rely upon thermo-mechanical preparing to display 
the level of properties that make them appealing. As it is a process to improve the 
mechanical properties of the desired material by determining the behavior of hot 









Figure 2-3. Stress-Strain Graph. 
Microstructural changes after TMP results from two different processes which 
happened at elevated temperatures and these are Dynamic recover and Dynamic 
Recrystallization, which may be followed by grain growth [4]. This includes no Work 
Hardening (Fig. 2-3).  
2.1.1. Cold working 
Cold working means the process of strengthening a metal by changing its shape 
without the use of heat. Figure. 2-4 illustrates very clearly that when percentage of cold 






Figure 2-4. Change in the flow curved induced by cold working. 
2.1.2. Dynamic Recovery 
Recovery is a procedure by which deformed grains can decrease their stored energy by 
the evacuation or modification of defects in their crystal structure. These imperfections, 
principally dislocations, are presented by plastic deformation of the material and act to 
expand the yield strength of a material. Since recovery decreases the dislocation density 
the procedure is ordinarily accompanied by a decrease in a materials strength and a 
concurrent increment in the ductility. Thus, recovery might be viewed as gainful or 
negative contingent upon the conditions [5].  Recovery occurs first (at ~0.1TM) [6]. 




The microstructural changes (Fig. 2-5) amid recovery are generally homogeneous and 
do not for the most part influence the boundaries between the deformed grains; these 
progressions in microstructure. Comparable recovery procedures may likewise happen 
amid deformation. Especially, at high temperatures, and this dynamic recovery acts an 
important role in the creep and hot working of materials. 
 
Figure 2-5. Dynamic Recovery [7]. 
2.1.3. Dynamic Recrystallization (RDX) 
Fig. 2-6 shows the RDX step by step. At elevated temperature, new strain free grains 
nucleate and develop inside the old distorted grains and at the grain boundaries. New 
grains develop to supplant the deformed grains. RDX relies on temperature, 
additionally the measure of time at that temperature. The more noteworthy the strain 
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hardening, the more nuclei for the new grains, and the subsequent grain size will be 
smaller.  
Major changes come from recrystallization that occurs at higher temperatures (at ~0.3–
0.5TM). New grains nucleate and grow at the expense the highly-strained. 
 
Figure 2-6. Dynamic Recrystallization [7]. 
Although recrystallization expels the dislocations, the material still contains grain 
boundaries, which are thermodynamically unstable. Further annealing may result in 
grain growth, in which the smaller grains are dispensed with, the larger grains grow, 
and the grain boundaries assume a lower energy configuration. In certain conditions 
this normal grain growth may offer path to the development of a few large grains, a 
procedure known as abnormal grain growth or secondary recrystallization [8].  
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2.1.4. Grain Growth 
If the specimen is left at the high temperature beyond the time needed for complete 
recrystallization, the grain starts to develop in size. This happens since diffusion 
happens over the grain boundary and longer grains have less grain boundary surface 
area per unit of volume.  Therefore, larger grains lose less atoms and develop at the 
expense of smaller grains (Fig. 2-7). 
 
Figure 2-7. Schematic diagram of the main annealing processes; (a) deformed state, 
(b) Recovered, (c) Partially recrystallized, (d) fully recrystallized, (e) Grain growth 
and (f) abnormal grain growth [5]. 
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2.2. Mg-Li-Al Alloy 
2.2.1. Mg 
Magnesium is the lightest metallic material. Magnesium has a strikingly low density of 
1.75 g/cm3; in comparison to the density (Table 2-1) of other structural materials Al with 
2.5 g/ cm3, Ti with 4.4 cm3 and stainless steel with 7.6 cm3. Currently, Mg is the third 
most widely used structural metal. But Mg-materials can be very promising 
replacements for Al, Ti and Steels. Around 70% and 30% weight can be saved if Mg 
alloy is used in place of steel and aluminum alloys [9]. The density of magnesium is 
almost like that of polymers. Magnesium and magnesium alloys, which are among the 
lightest structural metals, are ending up progressively important in the automotive and 
aerospace businesses [10].   
Table 2-1. Comparison of density of Mg with other structural materials 
Property Mg alloys Al Alloys Ti alloys Stainless 
steel 
Density (g/cm3) 1.75-1.87 2.5-2.9 (33%) 4.4-4.8 (61%) 7.6-8.1 (77%) 
From Fig. 2-8 we can observe that it is very reasonable to prefer Mg over other 
structural materials because, first being light in weight, having low melting point, at the 




Figure 2-8. Comparison of Mg properties with other structural materials. 






















Pure Mg 1.74 650 0.24 39 155 HCP 45 
Magnesium and its alloys possess numerous remarkable properties (Table. 2-2) in 
respect to other engineering material, for example, high strength, low density, good 
elastic shielding effect, great damping capacity, non-magnetic satisfactory heat 
conduction and excellent fluidity for casting, negative electrochemical potential, low-
heat capacity, recyclable and nontoxic. These properties make magnesium and its alloys 
increasingly appealing to numerous industries particularly in automotive and 
aerospace industries, where the strength to weight ratio is a basic issue. Magnesium 
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offers noteworthy open doors for lightweight applications in automotive, aerospace, 
medical and power-tools industries [9].  
A liberal effort was begun once again the earlier decade to create high-quality 
magnesium compounds utilizing an assortment of methodologies, including solid 
solution strengthening and precipitation strengthening. Commercial magnesium alloys 
that can be alternative for few aluminum alloys include AZ315 and ZK60 [10]. Table 2-3. 
Manifests the effect of alloying elements on the mechanical properties. 
Table 2-3. The effect of alloying elements on the magnesium [10, 11] 
Alloying Element Effect on the Mechanical Properties 
Aluminum (Al) 
Increases tensile strength and hardness 
Forms precipitation of intermetallic phase (Mg17Al12) 
Improves castability 
Increases corrosion resistance 
Zinc (Zn) 
Increases tensile strength and hardness 
Refines grain structure 
Improves castability 
Increases corrosion resistance 
Manganese (Mn) 
Increases yield strength 
Increase corrosion resistance while reducing the effect of 
iron 
Silicon (Si) 
Improves creep resistance 
Forms Mg2Si particles 
Increases molten metal viscosity 
Reduces castability 
Reduces corrosion resistance 
Rare Earth Metals  
Reduces the freezing range 




2.2.2. Cast magnesium alloys 
The improvement of magnesium casting started in 1921 when Dow began to produce 
pistons made of magnesium. Casting of magnesium developed in prevalence and 
turned out to be developed through out World War II with the fabrication of parts for 
defense, aerospace and automotive application. This improvement was in gravity sand, 
permanent mold, and high-pressure die casting (HPDC). The most recent innovation 
has created amazing castability [11] on new generation magnesium alloys and the 
emphasis has been on thin-walled die casting for applications in the automotive 
industry. Magnesium casting has kept on extending in the automotive industry, 
electronics, aerospace, and defense and power tools. Currently casting is the prevailing 
fabrication process for magnesium segments and represents approximately 98% of all 
structural applications of magnesium [12] 
There are numerous unique characteristics that magnesium possesses, including 
hardening which provide it favorable position over other cast metals including 
aluminum and copper. These incorporate magnificent ease and a low susceptibility to 
hydrogen porosity [12].  
The most well-known casting method for magnesium alloys is high-pressure die casting 
(HPDC) [13, 12]. For this method to be done liquid metal is inserted at high speed and 




Figure 2-9. Cold chamber die casting method. 
The molten magnesium alloys can be held in the molds made of ferrous materials This 
is because the melted magnesium does not assault iron as molten aluminum does. Due 
to this reason, it is common for the magnesium alloy to be dissolved and transported in 
steel crucibles, tools and devices.   
For manufacturing light metal components, high pressure die casting is the most 
preferable method. It renders magnificent flexibility in the process of design and is 
enormously economical to fabricate components though this process. Because 
magnesium alloys are excellent for die filling, the components manufactured from high 
pressure die casting can be long in length, thin walled, and complexed. This allows for 
the substitute of steel parts, which have been made of numerous parts welded or joined 
together, with the solid magnesium parts. A great benefit of magnesium die casting is 
that it tends to be structured with both thin and thick walls, slenderer walls where the 
strength is not vital and thicker walls where strength is required. Also, it is conceivable 
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to cast magnesium alloys with slander walls than aluminum alloys. As well, 
magnesium has a casting cycle time which is shorter than aluminum [12]. Table 2-4. 
below shows the design parameters and manufacturing characteristics for magnesium 
die casting.   
There are two different types of high pressure die casting, one is hot chamber die 
casting and another is cold chamber die casting. In most of the magnesium die casting 
components are fabricated by cold chamber die casting process [12]. One of the issues 
with casting magnesium alloys is the emergence of defects (porosity and inclusions) 
that can occur amid the casting process. These defects can turn into stress 
concentrations which can create crack initiation points. Thereby, this can initiate the 
fatigue crack which unfavorably can reduce the component life and turn into to a 
reduced cyclic strength [14]. 
Table 2-4. Design parameters and manufacturing characteristics for magnesium die 
casting [13] 




Draft angle (°) 0–1.5 
Minimum wall thickness (mm) 1–1.5 
Casting/molding cycle time (unit) 1.0–1.4 
Typical die life (×1000 shots) 250–300 
Trimming cycle time (unit) 1 
Machinability Excellent 
Welding/joining Fair 




2.2.3 Wrought magnesium alloys 
Wrought magnesium is a cast metal, which has been worked upon, in cold condition; 
without heating.  The distinctive metallurgical characteristics of castings are acquired 
during solidification, whereas with wrought materials, they are acquired during 
mechanical deformation. 
The principal metallurgical difference between castings and wrought materials is that 
castings lack homogeneity. 
1. They do not have the benefit of hot work to accelerate the diffusion of the 
chemical elements to achieve homogenization. 
2. Cast alloys require significantly longer soaking times to achieve homogenization. 
3. Solidification castings contain high residual stresses from solid shrinkage, unless 
they are removed by a stress relief annealing process [15]. 
Mg wrought applications have been significantly hampered by the relatively poor 
ductility and formability of magnesium at room temperature. Until the late 1990s, the 
work on wrought magnesium has focused to a great extent on extrusions and forgings. 
Extrusion alloys AZ61 (Mg-6Al-1Zn), ZK60 (Mg-6Zn-0.6Zr), and forging alloys AZ80 
(Mg-8Al-0.5Zn), ZK60 (Mg-6Zn-0.6Zr) have been improved and utilized for ambient 
temperature applications. Sheet alloys developed were the commercial AZ31 (Mg-3Al-
1Zn), AZ61 (Mg-6Al-1Zn), ZK60 (Mg-6Zn-0.3Zr), ZK31 (Mg-3Zn-0.6Zr), and 
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experimental alloys containing Li, Zr and/or Mn. Recent alloy development activities in 
wrought Mg have begun due to the interest in using lightweight magnesium as 
automotive sheet and extrusions for vehicle body applications [16]. 
The requirements for weakened or randomized textures for improved formability in 
wrought Mg alloys, combined with the need for adequate strength, are the driving 
forces for investigating new Mg-Li alloy development strategies.  
2.2.4 Mg-Li 
Addition of Li (body center cubic crystalline structure) in Mg creates more active slip 
system in its crystalline structure, therefore helps to improve strength and ductility of 
the Mg. Also, lithium (Li) aids to enhance plasticity of Mg developing ultra-light 
metallic alloy with density of 1.35-1.65 g/cm3 [17].  
The phase diagram illustrated in Fig. 2-10 shows that for less than 5wt% of Li in the Mg 
matrix, the Mg-Li alloy possesses single α-Mg phase with HCP structured solid 
solution, up to this range Li is soluble in Mg [17]. For Li concentration between 5wt%-
10wt% [2] the value of Mg crystal lattice is reduced, and the alloy exhibits dual phased 
structure [HCP+BCC], but for Li amount more than 10wt% the structure turns into BCC 
only with β-Li phase [17]. Because of the presence of β phase in the structure, the 
ductility of the alloy increases remarkably but strength reduces, as a result for the 
application where the strength of the material is the highest priority, HCP structured α-
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Mg phase is preferred, as this type of structure ensures good strength materials for 
practical application [18]. 
 
Figure 2-10. Phase Diagram of Mg-Li alloys [19]. 
2.2.5 Effect of Li on Mg 
Conventional Mg-Li alloys normally relied upon large Li additions that change the hcp 
structure of Mg to BCC.  In the Mg-Li binary system, when the Li content is greater than 
5 wt%, β phase (Li solid solution) appeared in the alloys. Little amount of lithium 
alloying inclusion also helped to improve the room temperature formability of 
magnesium, which is correlated with activation of non-basal slip due to the decrement 
in the axial ratio (c/a) of magnesium as a function of lithium. As lithium is added to 
magnesium, the c value of the hcp crystal decreases quicker than a value, which leads to 
a decrement in the c/a ratio, and results in stress for basal slip enlarging relative to that 
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for prismatic slip, and hence proliferates activation of non-basal prismatic planes. TEM 
studies manifests that lithium additions also increment the glide of dislocations on 
pyramidal planes. It is already proved that dislocations disperse into partial 
dislocations, and lithium may reduce the energy of the stacking fault, and thereby raise 
the stability of the dislocation.  Lithium can transform the crystallographic texture by 
remodeling the balance of deformation mechanisms, which in turn influences the 
texture [20].  
The impact of small amounts of Li on the c/a ratio and grain size of Mg was examined 
by researchers in Mg-Zn-Li and Mg-Zn-In-Li solid solution alloys. The mono-valent Li 
diminished the axial ratio (c/a) of magnesium from 1.624 to 1.6068 inside the 0–16at%Li 
territory (Fig. 2-11). This was ascribed to the decrement in c/a, which prompts a 
decrease of the c-spacing and in c/a as well. An imperative impact of c/a was found in 





Figure 2-11. Effect of Li on Mg. a) Lattice Parameters; b) axial ratio [20]. 
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 2.2.6 Microstructure & crystal Structure 
According to the Mg-Li phase diagram, the alloys exhibit two phase structures of α 
(hexagonal close packed (hcp) (Fig. 2-12a)) Mg-rich and β (body-centered cubic (bcc) 
(Fig. 2-12b)) Li-rich phases at room temperature when 5-11% Li is added to magnesium. 
Further additions of Li (more than 11%) can transform the hcp α-Mg solid solution into 
highly workable, body-centered cubic alloys [21]. And for less than 5% addition of Li 
the structure has only α-Mg phase. 
 
Figure 2-12. Common metallic crystal structure a) BCC structure, b) HCP structure. 
The microstructure and composition of a material decides a considerable lot of its 
physical, and the majority of its mechanical, properties. The microstructure is controlled 
by the composition and processing conditions. The evolvement of the microstructure 
during processing (for example, thermomechanical processing) may constrain the 
processing operations that can be done. Also, microstructures which result in poor 




Microstructures of polycrystalline metals and alloys have massive effect on materials 
properties. Practically all mechanical properties, for example, quality, strength or creep 
resistance, rely upon the grain size of the material, where the grain boundaries that can 
act as two-dimensional defects play a fundamental role in processing. Therefore, having 
proper knowledge on grain microstructures and their transformation due to 
recrystallization and grain growth is considerably important since a modification in 
microstructure yields the materials with new properties, which might make the material 
unusable in applications [22]. Fig.2-13 shows a typical microstructure of Mg-Li alloy 
with α-Mg phase, precipitates and twins.  
 




Figure 2-14. Illustration of the major differences between deformation and damage 
features and microstructures in AZ31 alloy [23]. 
Through microstructure investigation, almost certainly, the deformation and damage 
features can be comprehended. In Fig. 2-14 Yan et al. [23] indicates clearly the significant 
differences in the deformation and damage features and microstructures on of AZ31 Mg 
alloy was tested through tensile stress at a low and a high strain rate respectively, at 
elevated temperatures. The elongated grains along with a greater amount of (slip 
bands) SBs and a fewer number of twins and the cracks beside (Grain Boundaries) GBs 
are generated (Fig. 2-12a). Hence, at a high strain rate, a high density of twins, lots of 
cracks forming along GBs and at TBs or the end of twins, and sparser SBs are identified 
(2-12b). Similar situations are also presented at room temperature. Also, at higher 
temperature, few recrystallized grains integrated with the cracks are affecting nearby 
27 
 
GBs at low strain rate, and the SB density is still higher, but only very few twins are 
formed (Figs. 2-12c). At high strain rate, the twin density seems quite high, and the 
cracks besides the GBs can be identified only (Figs. 2-12d).  At high temperature, more 
number of recrystallized grains together with large-sized cracks forms alongside the 
GBs at a low strain rate (Figs. 2-12e), on the other hand, at a high strain rate, the 
recrystallization rate gets slower (Figs. 2-12f) [23]. 
2.3 Nanoindentation 
Indentation is one of the essential techniques for looking at mechanical properties of 
engineering materials. Nano indentation strategy is ultra-local and less invasive, in 
contrast to the tension/compression tests, in which the indenter is inserted into the 
surface of the sample. Recognized by the indentation load L and the penetration h, 
micro indentation tests are portrayed by 200 mN < L < 2 N and h > 0.2 µm, whereas in 
nanoindentation L ranges between a few µN and about 200 mN, while h fluctuates from 
a couple of nm to around a couple µm. Subsequently, the indented zone in 




Figure 2-15. a) Nanoindentation b) Load-depth graph [24]. 
A Nano indentation test usually conducted in three steps, a) the loading step (Fig. 2-
15a) b) an intermediate step where the peak load is hold for a definite time, and c) the 
unloading step (Fig. 2-15b). If determination of creep is not necessary in that case the 
intermediate step is done for a short span of time, generally 2-4 seconds (Fig. 2-16). 
 




It is a well-established, accurate, non-destructive and convenient method to measure 
mechanical properties of materials at small scale. Due to its precise load controlling 
capacity it has been in use to measure hardness, elastic modulus, creep parameters and 
strain rate sensitivity increasingly. Hardness value for nanoindentation can easily be 
calculated using Oliver and Pharr equation [26], where, a load, P, is applied on a flat 
sample and the resulting displacement, h, is recorded to determine the elastic modulus, 






From the following equation the reduced elastic modulus of the indented material is 











Where, Er is the reduced elastic modulus, E, ν are the modulus and Poisson's ratio of 
the indented material. 𝐸𝑖, 𝑣𝑖 are the modulus and Poisson's ratio of the indenter tip 
(diamond) [27]. 
2.3.1 Types of Nano indenter 
The Berkovich indenter tip (Figs. 2-17, 2-18) is the most commonly employed indenter 
tip for the instrumented indentation testing (IIT) to quantify mechanical properties on 
the nanoscale. The Berkovich indenter tip is a three-sided pyramid that can be ground 
to a point and subsequently keeps up a self-comparative geometry to extremely little 
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scales. It prompts versatility at exceptionally little loads which delivers a significant 
proportion of hardness. The Berkovich indenter tip has a substantial included point of 
142.3° which limits the impact of erosion.  
 
Figure 2-17. Schematics of Berkovich indenter [28]. 
 
Figure 2-18. Indentation mark over the sample surface [25]. 
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2.4 Thermomechanical processing (TMP) of Mg-Li alloys 
From fundamentals of metalworking process at high temperature, we can say that, 
compression, tension, bending and shearing stresses are applied on to the work piece to 
give it a shape. It occurs due to plastic deformation which gives the product the 
required geometry. Fig. 2-19 talks about stress-strain relationship quiet well, when the 
TMP starts, once the metal has reached its yield point, it starts to flow under the 
influence of stress state. This is the plastic regime where stress is not directly 
proportional to strain. The manner of flow or deformation is dependent on the stress 
state.   
Flow curve indicates whether metal is readily deformed at given conditions i.e., strain 
rate, temperature. Flow curve is strongly dependent on strain rate and temperature. 
To determine the flow curve Hook’s law is used 𝜎 = 𝐾𝜀𝑛. It determines the yield point, 




Figure 2-19. Stress-strain graph [30]. 
During cold working of metallic materials – for example by rolling – the material will be 
subject to significant plastic deformations that greatly increase the strength and 
hardness of the metal, but which also makes it more brittle and prone to damage and 
fracture in subsequent manufacturing steps. To restore ductility, a heat treatment is 
usually performed following cold working. During annealing, the material is kept at an 
elevated temperature for some duration of time. During annealing, the cold worked 
material will undergo a sequence of recovery, recrystallization and grain growth, which 




Figure 2-20. Illustration of material property and grain size variation during cold 
working (left) and subsequent annealing (right) of a metallic material [31]. 
It is common technique utilized to improve the mechanical properties of Mg alloys. 
Especially in case of Mg-Li alloys, the TMP possesses a huge impact to change and 
develop the mechanical properties. Hot deformation of metallic materials which 
includes work hardening, dynamic recovery and dynamic recrystallization, can prompt 
changes in the microstructure of the deformed material which are specifically reflected 
in the flow stress curves. Fig. 2-20 illustrates the effect of TMP in Mg-Li alloys. Cold 
working increases the hardness, strength but reduce the ductility along with grain size. 
Due to increase in temperature annealing starts and releases the internal stress resulting 
in dynamic recovery. Hot working involves deformation at temperatures where 
recrystallization can occur and flow stress goes down, improves ductility but reduces 
strength and hardness. At the end new grains form.  
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2.4.1 Effect of temperature 
During the thermomechanical processing of metallic alloys, temperature might have 
effect on two different ways by annealing or hardening. Annealing reduces internal 
stress, obtain softer and ductile structure and get more stable state. Hardening increases 
strength, hardness, wear resistance and get metastable state. From stress-strain graph 
(Fig. 2-21) it has been observed that for Mg-Li type of alloys with increasing testing 
temperature flow stress goes down when yield strength and tensile strength decreases, 
also, the percentage elongation increases [32].  
 
Figure 2-21. Effect of temperature [32]. 
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2.4.2 Effect of strain rate 
Flow stress: Flow stress is defined as the true stress required to continue plastic 
deformation at a strain [32]. The strain rate is strongly affected by the temperature.  
𝑌𝑓 = 𝐾έ
𝑚  2-3 
Here, 𝑌𝑓 = Flow stress, K = strength coefficient, έ = strain rate.  
Fig. 2-22 depicts that with increase of strain rate flow stress goes up. For decrease of 
strain rate vice versa.   
 
Figure 2-22. Effect of strain rate [33]. 
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2.5 Microstructure (effect of TMP on microstructure) 
2.5.1 Dynamic recovery (DRV) 
In case of metallic alloys, after heating the samples at certain temperature, there is 
increased diffusion along the grain boundaries. Due to this enhanced dislocation 
motion, dislocation density reduces by annihilation (Fig. 2-23a). Thus, low energy 
dislocation configurations formed. Therefore, relieve of internal strain energy. 
Toward the start of stressing, there is an expansion in the work hardening due to 
dislocation generation and accumulation. As the deformation proceeds with, some 
portion of the stored energy is discharged with the dislocation annihilation through 
dynamic recovery. As a result, the stress level increments and can locate a stationary 
state in materials with high level of stacking fault energy (SFE) [34]. Fig. 2-23b gives an 






Figure 2-23. a) Dynamic recovery by annealing, b) annealing by edge dislocation [35]. 
2.5.2 Dynamic recrystallization (DRX) 
Even after recovery the grains can be strained. These strained grains of cold-worked 
metal can be replaced, upon heating, by strain-free grains with low density of 
dislocations. This occurs (Fig. 2-24) through recrystallization – nucleation and growth of 
new grains. The driving force for recrystallization is the difference in internal energy 
between strained and unstrained material. Grain growth involves short-range diffusion 
and the length of recrystallization depends on both temperature and time. 





Figure 2-24. Effect of temperature on metal forming process [8]. 
2.5.3 Grain growth 
If deformed polycrystalline material is maintained at annealing temperature following 
complete recrystallization, then further grain growth occurs. Driving force is reduction 
of the total grain boundary area and, hence, the energy of the system. Big grains grow at 
the expense of the small ones. Grain growth during annealing occurs in all 
polycrystalline materials (i.e. they do not have to be deformed or undergo 
recrystallization first). Boundary motion occurs by short range diffusion of atoms across 




2.6.1 Applications of Mg and its alloys 
The present usage of the most accurate alloying combinations in magnesium alloy, the 
corrosion resistant of magnesium has considerably developed. The fast-growing market 
and legislative issues on automotive industry to manufacture lighter, better fuel 
efficient and high-performance vehicle resulted in the utilization of magnesium and its 
alloys. 
• Automotive application 
The utilization of magnesium in car body applications is restricted however has 
extended as of late. GM has been utilizing a magnesium since the presentation of the C-
5 Corvette in 1997. Magnesium is additionally utilized in the Cadillac XLR roadster's 
retractable hard-top convertible rooftop and the rooftop top casing. The Ford F-150 has 
covered magnesium castings for its radiator support. In Europe, Volkswagen and 
Mercedes have spearheaded the utilization of thin-wall magnesium die castings in body 
panel applications. The one-part cast entryway inward for the Mercedes S-Class Coupe 
is just 4.56 kg. The way to producing these flimsy divider castings (around 1.5 mm) 
relies on casting configuration utilizing appropriate radii and ribs for smooth pass on 
filling and to solidify the parts. This magnesium made thin wall, for example, door 
inners, can frequently counterbalance the material cost penalty of magnesium over steel 
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sheet metal development because of part fusion. Various prototypes have been made 
utilizing sheet magnesium while production application has restrictions. General 
Motors made model hoods for the Buick LeSabre in 1951, different body boards for the 
Chevrolet Corvette SS Race Car in 1957, and hoods for the Chevrolet Corvette in 1961. 
As of late, Volkswagen made a model hood for the Lupo a couple of years prior. GM 
has made various boards including a hood, entryway internal board.  
Figure 2-25. Sheet magnesium center console cover in Porsche Carrera GT. Decklid 
inward, lift gate, and different fortifications, some of which are appeared in Fig. 2-26. 
Chrysler LLC has played out various examinations utilizing magnesium sheet, 
including the internal board and a magnesium-concentrated body structure. 
 
Figure 2-25. Highlights one successful application of magnesium in producing center 
console cover in Porsche Carrera GT [16]. 
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From the Table. 2-5, we can see numerous potential automotive applications of wrought 
magnesium alloys in different systems.  
Table 2-5. Potential automotive application of wrought magnesium alloys 
System Component Note 












































Figure 2-26. Magnesium sheet panels formed recently by General Motors. (a) Door 
inner panel; (b) decklid inner panel; (c) hood [16]. 
In body board applications where, bending stiffness has often design limitation, 
magnesium sheet metal can provide around 61% mass saving. Most of the applications 
regarding magnesium related to “inner” panels, which make the structure of the vehicle 
not noticeable outwardly of the vehicle. There are two facts behind this kind of limited 
application of magnesium. To begin with, the surface finishing of the recent accessible 
magnesium sheet requires noteworthy surface finishing in contrast to aluminum or 
steel, and then, the restricted formability at room temperature makes making the 
forming assembly for external use. This implies all things considered, the main business 
applications for magnesium sheet will be inward boards. However, raised temperature 
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framing of magnesium and protection from corrosion by applying coatings further force 
a cost burden for magnesium sheet applications. The improvement of new sheet 
composites for near to room temperature shaping is required, alongside low cost and 
vigorous coatings to help restricting corrosion. Like magnesium sheet, magnesium 
extruded sheets for car applications are still in the advancement stage, with numerous 
model parts, for example, frame rail for the Volkswagen 1-Liter Car and bumper beams. 
However, the utilization of magnesium in structural applications would require greater 
advancement to meet all basic and budget. 
Leading automobile makers such as Audi, Daimler Chrysler (Mercedes-Benz), Toyota, 
Ford, BMW, Jaguar, Volkswagen, Fiat, Hyundai and Kia Motors Corporation have used 
magnesium-based materials [9]. Numerous applications of magnesium and its alloys 
(Fig. 2-27) have been observed during past few decades in aerospace, automobiles, 
Sports, Consumer electronics, implant material, Body compatibility and Body 




Figure 2-27. Transportation Application [16]. 
Mg Car Components: Toyota Camry steering wheel core, Jaguar and Fiat seat support 
models, AZ91D rear transfer case, AZ91 alloy cam cover for Ford Zetec engine all these 
are some famous application of this material.  
• Aerospace application 
Magnesium started as a standout amongst the most utilized materials for aviation 
industry. World War I and World War II magnesium was utilized broadly for the 
German and US military air ships. The US B-36 has been accounted for to be 
manufactured with magnesium sheets of 12,200 lbs. whereas 660 lbs. of magnesium 
castings and 1200 lbs. of magnesium forgings [36]. The commercial aircraft, Boeing 727 
components made of magnesium alloys [12]. However, most of the application for 
magnesium components has been restricted from aircrafts because of the fire hazard 
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situation that might arise due to the flammability and corrosion problems of 
magnesium [37].  
Recently, the usage (Fig. 2-28) of magnesium alloys in aerospace industry is constrained 
to engine landing gear and transmission related castings. In major aircraft 
manufacturers, magnesium alloys are not recently utilized for structural application 
[38] but is being utilized in the helicopter industry. Below is Table 2-6 of current 
aerospace applications [12]. 
Table 2-6. Aerospace application of Mg alloys [12] 
Application Alloy 
Sikorsky UH60 Family 
(Blackhawk) main transmission 
ZE41 alloy 
Sikorsky S92 main transmission WE43A alloy 
Thrust reverser cascade casting in 
found on Boeing 737, 747, 757 and 
767 
AZ92A alloy 
Pratt & Whitney F119 auxiliary 
casing 
 WE43 alloy 
Pratt & Whitney Canada PW305 
turbofan  
ZE41 alloy 
Rolls Royce tray  ELEKTRON ZRE1 alloy 
Recently, researchers specialized in the aerospace industry looking for developing new 
magnesium alloys and fabrication processing for aerospace applications and it is 
anticipated that magnesium alloys will start to increment being used as structural 




Figure 2-28. Applications for magnesium alloys in the aircraft industry [40]. 
• Other Applications 
Besides having the advantage of lightweight and strength magnesium alloys also have 
very good heat dissipation capacity (100 times superior to plastics), preferred vibration 
dampening than any other metal, brilliant machinability, and easy to recycle and 
environmentally friendly [12, 41, 42, 43]. This gives it different advantages for different 
enterprises including electronic and control devices. 
The electron industry has a requirement for light weight, strong, environmentally 
friendly materials and most importantly, manufacturers are utilizing magnesium alloys 
to accomplish all these prerequisites [41]. The fantastic castability of magnesium takes 
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into consideration the plan difficulties of these gadgets to effectively be met making 
items for customers that are lighter, slenderer and increasingly versatile [41].  
Wrought magnesium parts are used in the structural areas because it provides more 
durable, light weight designs, making them reliable to use for manufacturing products 
with long life.  
2.7 Objective 
The main objective of this research is to assess hot workability of Mg-Li alloys at 
various temperatures and strain rates. The end goal is to establish the correlations 
between hot working parameters (temperature and strain rate), microstructure, and 
mechanical properties of the alloy. Both experimental and constitutive modeling have 
been employed to understand the effect of thermomechanical processing (TMP) 
parameters (strain rate, temperature) on microstructure and high-temperature flow 
behavior of the studied alloys. Two Mg-Li alloys, single phase Mg-3.5Li-1Al and dual 
phase Mg-14Li-1Al alloys, were employed to study the effect of Li percentage on the 
above-mentioned correlations. At first, true stress -true strain curves plotted from 
thermomechanical tests (i.e. hot compression) were used to understand the response of 
the materials, to analyze and understand the microstructure evolution which reflect 
intrinsic mechanical properties. 
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Moreover, to assess the mechanical properties of the alloys upon the thermomechanical 
cycles, an instrumented nanoindentation testing approach were employed. Also, 
thermomechanically processed ternary HCP α-phase and BCC β-phase alloys are 
analyzed essentially through microstructural evaluation using OM, SEM. From 
instrumented nanoindentation Portevin Le-Chatlier effect, hardness and elastic 
modulus have been observed as outcome of the scrutinize analysis of the mechanical 
properties. It is intriguing to note that, a microstructural phenomenon, known as 
Portevin Le Chatlier (PLC) effect, was observed for the Mg-3.5Li-Al, whereas there is no 
evidence of PLC effect in Mg-14Li-Al alloy discussed in detail in this thesis which needs 
further investigations. We applied Zener-Hollomon modeling to assess the effect of 
TMP parameters, i.e. temperature and strain rate, on the microstructural evolution as 
well.  
The motivation for this work, there are very few works that have been done to observe 
PLC phenomena in Mg-Li alloy using nanoindentation method. Most of the literatures 
on the PLC phenomenon are based on the experimental result of conventional 
destructive testing methods (e.g., tensile testing).  However, this thesis yields a deep 
insight in performing nanoindentation which is a non-destructive, reliable 
characterizing method to the PLC effect. The findings from this study will help improve 
the new Mg-Li-Al alloy development.  
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We believe the findings of this study will help improve the new Mg-Li-Al alloys for 
various applications when weight is the main consideration. This comprehensive study 
would provide a detailed understanding of the behaviors of two Mg-Li alloys at 
elevated temperatures which can be used to develop simulation models and 





3. EXPERIMENTAL TECHNIQUES 
3.1. Sample preparation 
The materials utilized in this analysis were Mg-Li-Al alloys with two different chemical 
compositions. Master samples were machined out of the as-extruded Mg-3.5Li-1Al and 
Mg-14Li-Al wrought alloys. Cylindrical sample with dimensions of Φ 10 mm × 15 mm 
was machined out along the extrusion direction for the TMP. The uniaxial hot 
compression tests were performed at the University of Waterloo using a Gleeble 3500 
system. Tests were performed at 250°C, 350°C and 450°C and strain rates of 0.001, 0.01, 
0.1, 1 /s.  
To assess the effects of the thermomechanical processing parameters for both of the 
alloys, the nanoindentation tests were performed. After that the microstructures of all 
these pretreated samples were examined by a metallurgical optical microscope 
(MODEL-MM500T), scanning electron microscopy (SEM) (MODEL-MM500T), X-ray 
diffractometer (MODEL-Smartlab 3KW) and, Nanoindentation tester (TI-700 Ubi-1). 
After TMP all the samples were cut into halves, then hot mounting (Fig. 3-1) was done 




Figure 3-1. Samples a) before and b) after mounting. 
3.2. Thermomechanical Processing 
Using a Gleeble® 3500 thermal-mechanical simulation testing system (Fig. 3-2), the 
samples were isothermally compressed at temperatures of 250°C, 350°C and 450°C and 
different strain rates of 0.001 s-1, 0.01 s-1, 0.1 s-1 and 1 s-1 to a final true strain of 1.0. 
During each test, at first, temperature raises to the set test temperature and then kept for 
5 min for the purpose of homogenization. After that, the sample was uniaxially 
compressed with the present strain rate at the strain of 50%.   Upon completion of each 
test, the metal pieces were water quenched to preserve the deformed microstructure. 
During testing, stress-strain curves were recorded online using a computerized system 
attached to the compression system. The thermodynamically compressed samples were 
then cut into two pieces along the compression axis by an oil-lubricated diamond saw 
for microstructural assessment and post-TMP mechanical testing.  Same technique was 




Figure 3-2. Experimental set up for TMP. 
Initial dimensions for Mg-3.5Li-Al alloy has been listed in the Table 7. Before TMP all 
the samples were in around 16 mm length and 9 mm in width. After TMP, samples 
have achieved changed length and width which were around 17 mm and 6 mm 
respectively. 
For the Mg-14% Li-1% Al addition the change in dimensions are much more noticeable 




Table 3-1. Initial dimensions for Mg-3.5Li-Al 
Mg-3.5Li-1Al 
T (°C) ε̇ (s-1) H0 (mm) D0 (mm) 
250 1 16.19 9.8525 
350 1 16.065 9.8525 
450 1 17.0925 9.8475 
250 0.1 16.645 9.79 
350 0.1 16.925 9.845 
450 0.1 16.46 9.8525 
250 0.01 16.9025 9.795 
350 0.01 16.27 9.8325 
450 0.01 16.7425 9.87 
250 0.001 16.2825 9.85 
350 0.001 16.7125 9.8325 
450 0.001 16.97 9.86 
 
Table 3-2. Initial dimensions for Mg-14Li-Al 
Mg-14Li-1Al 
T (°C) ε̇ (s-1) H0 (mm) D0 (mm) 
250 1 17.285 9.8525 
350 1 16.645 9.8775 
450 1 16.6675 9.865 
250 0.1 17.025 9.885 
350 0.1 17.1975 9.8775 
450 0.1 17.275 9.88 
250 0.01 16.8925 9.8625 
350 0.01 17.125 9.8725 
450 0.01 16.395 9.8625 
250 0.001 16.4775 9.8725 
350 0.001 16.7225 9.87 
450 0.001 16.895 9.8725 
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Table 3-3. Dimensions after TMP for Mg-14Li-Al 
Mg-14Li-1Al 
T (°C) ε̇ (s-1) H0 (mm) D0 (mm) 
250 1 17 4 
350 1 17 6 
450 1 21 4 
250 0.1 17 4 
350 0.1 17 4 
450 0.1 20 4 
250 0.01 17 4 
350 0.01 17 4 
450 0.01 20 4 
250 0.001 17 6 
350 0.001 17 6 
450 0.001 18 5 
3.3. Nanoindentation 
Nanoindentation system (Fig. 3-3) continuously measured force and displacement 
(depth). Utilizing the Oliver and Pharr method [44], the hardness and elastic modulus 




Figure 3-3. a) Nanoindentation machine b) Indentation platform. 
Upon microstructural assessments, each sample was re-polished to a very fine level to 
expel any surface harshness impact. Normally, all genuine metal piece has some level of 
surface roughness. Usually, the rougher the surface, the more factor gets included in 
outcomes. Therefore, an appropriate decision of maximum load is required to suit the 





Figure 3-4. Nano indenter set perpendicular to surface of the sample. 
The mounted samples (Fig. 3-4) after polishing and etching needs to be positioned on to 
the XY stage of the instrument. 
The Nano-hardness and elastic modulus of deformed samples were examined using a 
Nano-indentation tester (TI-700 Ubi-1) using a self-similar pyramidal (Berkovich) (Fig. 
3-5) indenter at a constant load rate of 1.5 mN/s. The load-controlled indentation tests 
were done with a peak load of 7.5 mN. The distance between two adjacent indentations 
was 500 nm across the deformed sample perpendicular to the compression direction to 




Figure. 3-5. Nanoindentation with Berkovich indenter. 
Oxide layers of a few nm form easily on most cases even after fine polishing over metal 
surfaces within a few microseconds and usually cannot be avoided.  
All the indentation tests are done at ambient (room) temperature. The nanoindentation 
apparatus is a fairly sophisticated instrument and several commercial instrument 
makers, who employ differing design principles, manufacture it. Preparation of the test 
surface which is to be probed with the indenter is an extremely important first step, as 
the final surface finish can exert significant influence on the results obtained. There are 
two important points to keep in mind here. Firstly, the surface should be as smoothly as 
possible, because (a) loading should be normal to the surface and (2) the effective 
contact area is estimated assuming that the surface is flat. Thus, if the amplitude of the 
58 
 
surface roughness is comparable to the contact diameter, indentations at ‘valleys’ or 
‘peaks’ will result in underestimation or overestimation, respectively, of the true contact 
area. Secondly, surface preparation should be performed in such a way that possible 
alteration of the surface in terms of its mechanical properties (due to heat or work 
hardening generated upon polishing) or chemistry (due to absorption of chemicals in 
the polishing media, evaporation of elements in the sample, and/or 
hydration/dehydration) are minimized [25]. 
3.4. Microstructural Assessment  
3.4.1. Optical Microscope 
The microstructures were examined by a metallurgical optical microscope (MODEL-
MM500T) (Fig 3-6.) after etching. The etchant was composed of 100 mL ethanol, 2.5 gm 
Picric acid, 25 mL acetic acid, 25 mL water with etching time as long as the 30s for Mg-
3.5Li-Al alloy. The other alloy Mg-14Li-Al was etched with a solution of 8% nitric acid 




Figure 3-6. Optical Microscope (MODEL-MM500T). 
3.4.2. Scanning Electron Microscopy (SEM)  
Before observing the samples, they were polished and etched and also before 
positioning the samples in SEM (MODEL: QUANTA FEG 650) (Fig. 3-7) blower was 




Figure 3-7. SEM (MODEL: QUANTA FEG 650). 
3.4.3. XRD (X-ray Diffractometer) 
XRD measurements were performed by a Rigaku Diffractometer (SmartLab, Rigaku, 
Japan) (Fig. 3-8) at continuous scan rate of 4o /min, scanning from 20° to 80°.  
 




4. RESULTS AND DISCUSSION 
The resolution of this chapter is to present and confer the experimental results of this 
study. The results of the experiments contain microstructural characterization, 
Nanoindentation results and OM, SEM analysis. The chapter is divided into two 
sections investigation the following alloys:  
1. Mg-3.5Li-Al  
2. Mg-14Li-Al 
4.1. Mg-3.5Li-1Al Alloy 
4.1.1. Effect of temperature on flow graphs 
Flow curves reflect the microstructural changes at the grain level and the crystal 
structure. During thermomechanical processing of the studied alloy, several 
deformation conditions have been observed by analyzing stress-strain curves. 
Fig. 4-1 shows that both temperature and strain rate possess considerable effects on the 
flow stress curves. The flow stress response for all the temperatures and strain rates is 
that the stress initially increases sharply to a peak value and afterwards decreases 
gradually to an enduring state as the strain increments. A decline in the stress level is 
seen with the expansion of deformation temperature and the decline of strain rate. 
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Effect of thermomechanical processing on this alloy can be expressed step by step. 
Initially, there is a sharp increase in flow stress, and it is work hardening stage. At the 
underlying stage of strain, hardening rate is higher than the softening, thus the flow 
stress rises forcefully, due to the generation and multiplication of dislocations which 
results in the work hardening effect. Dislocations entangle and multiply, thus 
dislocation motion gets difficult. Then the dynamic recovery stage begins; thermal 
energy allows some dislocation motion, and later, the annihilation of dislocation is done 
by cross slip, climb and dislocation unpinning showing dynamic recovery. However, 
the temperature of hot working is too frail to even consider overcoming work 
hardening.  As a matter of fact, hardness and ductility are mostly unchanged [45].  
With the increase in temperature (say from 250°C to 350°C) [45], the gradual decrease of 
work hardening rate occurs inducing another softening mechanism, dynamic 
recrystallization (DRX). Comparatively, new grains formed having low dislocation 











Figure 4-1. Flow curves showing dynamic recovery and recrystallization at a) 250oC, 
b) 350oC, c) 450oC. 
4.1.2. Effect of strain rate on Flow Graphs 
The stress-strain curves (Fig. 4-2) are leveled off after attaining the peak stress; this is 
directly related to a balance which is established between work hardening and 
softening (dynamic recovery). Dynamic softening (Dynamic Recovery + Dynamic 
Recrystallization) rate almost equal to work hardening rate; thus, flow stress gradually 
decreases to a steady stage, because of the prevalent softening mechanism is attained. 
At the steady state, despite the increase in strain, the flow stress maintains a reasonably 
constant level. Additionally, at a consistent strain rate, the flow stress diminishes with 
the expansion of deformation temperature. The dynamic recrystallization that comes 
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along with an increase in temperature comparatively easier, and afterwards the 
softening effect is upgraded, which result in a decline of flow stress. Because of steady 
temperature, with an increase in the strain rate, the dynamic recrystallization cannot be 
completed; besides, quick augmentation and aggregation of dislocations result in the 













Figure 4-2. True stress-strain curves for Mg-3.5Li-Al alloy during compression at a) 
0.001 s-1, b) 0.01 s-1, c) 0.1s-1, d) 1 s-1. 
4.1.3. Microstructure  
The microstructure evolution of the Mg alloy for different temperatures and strain rates 
is analyzed through optical microscopy. Fig. 4-3 shows initial single-phase 
microstructure of the alloy which is a single phase (α-Mg) with HCP structure and 
containing equiaxed gains. The uniform grain size is around 70 µm. As there is no 
evidence of any second phase, the α-Mg phase is the only constituent for this alloy. 
Also, some twin bands are easily visible in the initial microstructure. Some precipitates 
containing Al in Mg alloys (MgLiAl2) are visible mostly near the grain boundaries. Very 
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few are found inside the grains. Twins are observed inside the grains comparatively at a 
low temperature of deformation and strain rates, probably generated at the time of 
sample preparation [47]. 
 
Figure 4-3. Initial microstructure of the Mg-3.5Li-1Al alloy. 
From Fig. 4-4, changes in microstructures for the deformed samples are detectable 
satisfactorily. It is apparent that with enhancing the deformation temperature and strain 
rate new grains appeared through recrystallization and replaced old grains. The 





Figure 4-4. Microstructures of the thermomechanically processed Mg-3.5wt%Li-Al 
alloy at different temperatures 250°C, 350°C, and 450°C and strain rates of 1, 0.1, 0.01, 
and 0.001 /s. 
Fig. 4-5a shows the occurrence of partial recrystallization or incomplete recrystallization 
comparatively at the low temperature of 250°C and strain rate of 0.001/s. Also, in the 











deformed material. Fig. 4-5b contains comparatively small grains indicating that 
complete recrystallization occurred during hot compression. At this temperature, 
twinning dominates the deformation. Consequently, high density of twins can be 
distinguished. In the meantime, fine “necklace” grains encompassing the subgrains 
nucleate and develop altogether, coalesce and consume the greater part of the grains. 
The dynamically recrystallized necklace grains are sandwiched between the encroached 
twins. New grains may likewise nucleate inside the twins and develop dividing the 
large twins into unpredictable islands. As such, high thickness twins can be viewed. 
Subsequently, new grains show up, and a necklace like structure is shaped through the 
dynamic recrystallization. The hot-compression temperature is 450°C, which is much 
higher than the low recrystallization temperature (Fig. 4-5c). Comparatively, large 
recrystallized grains formed because of hot working at 450°C and 0.01 /s strain rate. The 
DRX grain size expanded with expanding temperature and diminishing strain rate. 
Also, during processing at 450°C and 0.01 /s the low angle subgrain boundaries were 
gradually changed into the high angle grain boundaries by diminishing the dislocation 
density. 
The density of recrystallizing grains increases with expanding temperature and strain 
rate (Fig. 4-5d). Due to elevated thermal activation with the high temperature of 
deformation, nucleation rate of recrystallization and the growing rate of grains 
increased. Microstructures demonstrate that the recrystallization was taken completely, 
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and the grains were supplanted by the recrystallization on the cross-area of the 
specimen. It is notable that the Mg-3.5Li-Al resulted in finer grains at 450°C and strain 
rate of 1 /s. The DRX grains expanded with rising the temperature and diminishing the 
strain rate. Partial recrystallization happened in alloys at every deformation condition, 













Figure 4-5. a) 250 °C 0.001/s evidence of twins at this deformation stage, b) 350 °C 0.1/s 
chains of recrystallized grains, necklace like structure, c) 450 °C 0.01/s recrystallized 
structure, d) 450 °C 1/s recrystallized structure. 
4.1.4. Indentation load/displacement 
The typical load-displacement graph observed at room temperature has been shown in 
Fig. 4-7. The loading curve represents a stair step like behavior with the increase of 
strain for all temperatures and strain rates. Though, the same kind of serration was 
observed for as received alloy demonstrated in Fig. 4-6. Comparing Fig. 4-6 and Fig. 4-7 
the serration effect becomes more pronounced in the thermomechanically processed 
samples. These serrations are widely known as Portevin Le Chatlier effect (PLC), 
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resulting from the interaction between the Mg solutes and the mobile dislocations. For 
as received alloy, dislocations form during fabrication. However, the TMP samples are 
plastically deformed at high temperature and strain rates, the stress results from that 
process give rise to the number of dislocations during their forming process. Thus, 
giving rise to the serrated flow for all the TMP samples. 
 
Figure 4-6. Nanoindentation results for as received alloy. 
From the nanoindentation results, it was observed that the hardness and the elastic 
modulus are increased for all the TMP samples compared to the as-received sample. 
The hardness (H) and elastic modulus (E) values are presented in Table.1. As observed 
in Table 1, the as-received alloy possesses low hardness and elastic modulus compared 
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to the thermomechanically processed samples. This can be attributed to the grain 
refinement in the TMPed samples.   
The hardness and elastic modulus comparison among the TMP samples show 
downward trend with increasing the deformation temperature (Table 4-1). This is 
attributed to a decrease in the work hardening rate as well as grain growth and 
coarsening of the precipitates/microstructural phases. 
Table 4-1. Hardness and elastic modulus of Mg-3.5Li-Al alloy (for 1/s strain rate). 
Material Condition E (GPa) H (GPa) 







 250°C 82 ± 4.5 1.45±0.05 
350°C 61 ± 3.1 1.23±0.04 




Figure 4-7. Nanoindentation results for samples deformed at the constant strain rate 
of 1/s. 
Most importantly, the PLC effect is evident in all the samples at room temperature from 
nanoindentation results. Plastic deformation happens inhomogeneously on the 
microscopic level because of thermally initiated dislocation motion through numerous 
sorts of obstacles [48]. This kind of plastic instability occurs in a solid solution because 
of the repetitive locking of dislocations by solute atoms and unlocking of dislocations 
[49]. Therefore, the need for understanding and controlling the mechanisms underlying 
the PLC effect seems necessary in the studied Mg-Li alloy.  
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Macroscopically, due to the PLC effect, polished surfaces of the examined samples will 
become rippled and the overall plasticity will be diminished significantly [50]. One 
point that requires great consideration is that the PLC effect for the most part happens 
in the face-centered cubic (FCC) alloys and is only occasionally revealed in the 
hexagonal close-packed (HCP) alloys [51]. 
From the phase diagram it is clear that Mg-3.5Li-Al is a solid solution alloy. Serrations 
on load-displacement curves are usually explained in term of Dynamic Strain Ageing 
(DSA) mechanism. However, there might be a few other physical processes [52] which 
yield serrated flow curves. Among those, twinning and thermomechanical instabilities 
are of importance because of the nanoindentation. Twins are one type of obstacles; in 
hcp alloys twins represent an important role in plastic deformation.  
 




Figure 4-9. SEM microstructure of Mg-3.5Li-Al alloy (deformation temperature 350 °C 
and strain rate of 0.1/s) the precipitates. 
Also, when dislocations density equals the solute atoms density; solutes start creating 
obstacles for mobile dislocations; forming forest dislocations [51] Fig. 4-8. Besides, the 
dislocation forming process is aided by a double cross slip mechanism. The forest 
dislocations in non-basal slip system (prismatic slip) are formulated by double cross slip 
mechanism of basal dislocations by means of prismatic planes. Due to the addition of 
the Li in Mg, the value of both c and a lattice parameter is reduced in Mg-Li solid 
solution and prismatic slip system is activated easily. Thus, the interaction between the 
basal slip plane and prismatic slip plane is quite easy in this alloy causing double 
slipping mechanism which results in the formation of forest dislocations [53]. Small 
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segments of forest dislocations formed through this process increase in density with 
strain [54]. And these forest dislocations act as obstacles for moving dislocations. 
The PLC effect is the visible flow pattern that is related with the phenomenon of 
dynamic strain aging (DSA). This happens as flow instability is developed in a 
deformed alloy under explicit conditions, such as medium strain rate, elevated 
temperatures and the presence of solutes and interaction between the solutes and the 
dislocations [55]. In particular, during nanoindentation testing, the reason behind the 
DSA is the loading rate, the composition of the alloy and for a few materials, the 
orientation of the grains concerning the direction of the indentation [56].  
Results and studies show that the main obstacles for the motion of dislocations 
particularly for this alloy are MgLiAl2 precipitates and solute atoms (Fig. 4-9) [57]. 
During the nanoindentation, dislocations start moving and particularly mobile 
dislocations are hindered by the solute atoms, causing material hardening. That is 
because; dissolved solutes (Li and Al atoms) migrate towards the dislocations. These 
small atoms lower the dislocation strain energy. Then it requires more external energy 
in the form of stress to move the dislocation. The total dislocation density increases with 
increasing the strain while the number of free solute atoms is constant. Thus, 
dislocation-solute interactions reduced with increasing strain and mobile dislocations 
are released. Therefore, the load needed for deformation decreases which can be 
observed in the load-displacement curve as a serration [51]. The stress level increment 
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depends on strain value during the indentation for all TMP samples. Therefore, it is 
obvious that the PLC effect is dominant in the Mg-3.5wt%Li-Al alloy at room 
temperature. 
4.1.5. Constitutive equation of Mg-3.5Li-Al alloy from flow stress-strain behavior  
To understand the high-temperature plastic deformation behavior, it is required to 
investigate the constitutive characteristics of Mg-3.5Li-Al alloy. To figure out the 
material parameters necessary for constitutive equations, the hot compression flow 
curves based on different strain rates and temperature can be used. The characteristics 
stress-strain curves of the alloy with strain rates of 1, 0.1, 0.01, 0.001 /s and temperature 
range of 250°C, 350°C, and 450°C are shown in Fig. 4-2. The variety of peak stress of the 
test alloy under different hot compression testing conditions is visible on the graphs 
(Fig. 4-10). Under all the testing conditions the impact of deformation temperature and 
strain rate on the flow stress is remarkable. Strain rate and deformation temperature 
have significant impacts on the deformation behavior of the tested alloy; for instance, 
the flow stress diminishes with expanding deformation temperature at a certain strain 




Figure 4-10. Peak stress for different strain rates. 
Considering the deformation temperature (T), strain (ε), strain rate (&) the true stress-
strain curves the value of compressive flow stress is determined. Therefore, flow stress 
can be written as [58]: 
σ  = σ (T, ε, ε̇)                      (4-1) 
The relation between temperatures (T), strain (ε), and strain rate (έ) at different stress 
levels can be expressed using the following equations: 
ε̇ = Aσm exp (−
Q
RT
)             (4-2) 
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ε̇ = Aexp(βσ)exp (−
Q
RT
)            (4-3) 
ε̇ = A[sinh(ασ)]n exp (−
Q
RT
)           (4-4) 
where, Q is the activation energy for hot deformation (KJ/mol), R is the ideal gas 
constant (8.314 J/ (mol.K), T is the absolute temperature (K), σ is the flow stress (MPa) at 
a given strain, A, n, α, and β are temperature independent materials constants, where α 
= β/n1, A is hyperbolic sine constant, n is hyperbolic sine power, and α is the stress 
multiplier. 
Eqs. 4-2 & 4-3 are valid for low stresses when ασ<0.8, and for high-stress level ασ > 1.2, 
respectively. Eq. 4-4 is applicable to all stress levels.  
By taking the natural logarithm of equation 2, 3, and 4 one can find that [59, 53]: 
lnεˑ̇ = lnA +mlnσ −
Q
RT
           (4-5) 
lnεˑ̇ = lnA + βσ −
Q
RT
          (4-6) 
lnεˑ̇ = lnA −
Q
RT
+ 𝑛𝑙𝑛[sinh (ασ)]         (4-7)  
From Eqs. 4-6 & 4-7 the relation between lnϵ̇ - σ and between lnϵ̇  - 𝑙𝑛σ are found by 
utilizing flow stress data under various temperatures and strain rates under a definite 
deformation condition (e.g. ε = 0.2) plotted Figs. 4-11 & 4-12. The slope of linear 




Figure 4-11. lnϵ˙-σ relation curve, symbols show the experimental data and solid lines 
represent best linear fit. 
 
Figure 4-12. lnϵ˙−lnσ relation curve, symbols show the experimental data and solid 
lines represent best linear fit. 
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4.1.6. Constitutive analyzing using the Zener-Hollomon model 
Zener Hollomon (Z) parameter is commonly utilized to depict both the effects of strain 
rate and temperature on the hot deformation behavior of materials. The equation for Z 
parameter can be written as: 
𝑍 = ϵ˙ exp (
Q
RT
) = A[sinh(ασ)]n          (4-8) 
Activation energy can be found by differentiating equation 8: 






}                                                     (4-9) 
The slopes of the lines are derived with a certain strain (ε = 0.2). Considering the mean 
value of the slopes, n= Q1 = 4.63, Q2 = {
𝜕𝑙𝑛[sinh(ασ)]
𝜕1000/𝑇
} is achieved from the slope of the 
curve 𝑙𝑛[sinh(ασ)]- 1000/𝑇 in a certain strain [53] from Fig. 4-13 & 4-14. The value of 
𝑙𝑛[sinh(ασ)] is calculated utilizing the experimental stress data and α under different 
temperature and strain rate. The mean value of slopes gives Q2 = 4.12.  
The value of lnA-Q/RT would be average intercept of the fitted curve. Therefore, lnA= 
36.5, and α = 0.018. In the constitutive equation, the effect of strain is explained by 
expecting that the material constants (α, n, Q and lnA) are a polynomial function of 
strains. The values have repeated calculations using data for different strains, ε = 0.2, 
0.25, 0.3, 0.35, 0.4.  





















































       (4-11) 
Substituting the values of (α, n, Q and lnA) in Eq. 4-11, we get the flow stress at 
elevated temperature. 
 
Figure 4-13. lnϵ˙-ln[sinh(ασ)] relation curve, symbols show the experimental data and 




Figure 4-14.  lnϵ˙-ln[sinh(ασ)] relation curve symbols show the experimental data and 
solid lines represent best linear fit. 
Fig. 4-15 represents the calculated stress-strain graph (particularly shown for 450 °C and 
1/s as testing sample) to verify the effectiveness of the Zener Hollomon method. The 
plotted graph confirms that the calculated values are like the measured values.   
Fig. 4-16 demonstrates a correlation between the determined peak stresses dependent 
on hyperbolic-sine function and the deliberate peak stresses. The outcomes show that 
the computed stresses are reliable with the measured stresses, displaying that 
hyperbolic-sine function can depict the hot deformation process precisely. Along these 
lines, the hyperbolic-sine function is resolved as the constitutive condition for the tested 
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Mg-Li-Al alloy; as proposed deformation constitutive equation gives an exact and 
precise estimate of the flow stress for this alloy, and can be utilized to examine the 
issues amid forming and casting process. 
 
Figure 4-15. Comparison between the measured and the calculated stress-strain graph 




Figure 4-16. Comparison between the measured peak stress and the calculated peak 
stresses based on hyperbolic sine function. 
4.2. Mg-14Li-1Al alloy  
4.2.1. Effect of temperature on flow graphs 
Figure. 4-17 shows that temperature possesses significant effects on the flow stress 
curves. The variety pattern of the flow is that the stress initially increases sharply to a 
peak value and afterwards decreases gradually to an enduring state as the strain 












Figure 4-17. Flow curves of the Mg-14Li-1Al alloy at a) 250oC, b) 350 oC, c) 450oC. 
At 450 oC, one feature that is observed in the graphs is different than the common 
characteristics of reaching to a maximum peak; i.e. the flow graphs do not show any 
maximum peak point. The graphs are more like at steady state for the strains of 0.001/s, 
0.01/s and 0.1/s. A steady state flow graph at elevated temperature is usually an 
outcome of a well balance between work hardening and work softening (dynamic 
recovery). For this alloy, it is notable that the flow stress is reduced at the elevated 
temperatures. One reason behind this is more slip system has been activated at high 
temperatures in bcc structured Mg-Li alloys. Another reason is, the consequences of 
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high temperature deformation renders better mobility at the grain boundaries for 
dynamic recovery. Therefore, the stress level has decreased.  
4.2.2. Effect of strain rate Flow Graphs 
The effect of strain rate on flow curves has been analyzed by plotting true stress vs true 
strain curves at four different strain rates of 0.001/s, 0.01/s, 0.1/s and 1/s, for three 
different temperatures of 250 oC, 350 oC and 450 oC (Fig. 4-18). It has been observed that 
the flow stress for this alloy is increasing with higher strain rate at all three temperature 
of deformation. The reason behind this flow stress rising is dislocation density which 
increases with increment of strain rate. This feature also confirms the positive strain rate 














Figure 4-18. Flow graphs at different strain rates a) 1/s, b) 0.1/s, c) 0.01/s, and d) 
0.001/s. 
4.2.3. Microstructure  
4.2.3.1. As received alloy 
The optical microscopic image for the as received alloy is shown in Fig. 4-19. The 
microstructure illustrates that it is a single β-phase and BCC structured alloy with 
equiaxed grains. The average grain size is 100 μm. No other phase is detected through 




Figure 4-19. Image of microstructure for as-received alloy. 
Due to the TMP, the initial microstructure has been affected, especially the grain size of 
the alloy has changed. When the deformation temperature is 250 °C and the strain rate 
is 1/s the grain size reduced a lot, afterwards for a deformation temp of 350 °C grain 
size has started increasing.  
Transformation in microstructures for the deformed samples are observed satisfactorily. 
It is apparent that with enhancing the deformation temperature and strain rate there is 
change in grain sizes.  
During microstructural characterization of the Mg-14Li-Al alloy, one of the most 
important factor that has been observed is that dynamically recrystallized grains do not 
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show up on the surface of the alloy. That happens due to the high rate of diffusion of Li 
in Mg which does not allow enough time to formulate the nuclei. A faster recovery 
process occurred which cause the annihilation of dislocation without formulation of 
nuclei. As a result, there is no DRX grains for most of the temperatures and strain rates 
samples [60].   
From Fig. 4-20, changes in microstructures for the deformed samples are observable 
satisfactorily. It is apparent that with enhancing the deformation temperature grain size 
increases and with enhancing the strain rate grain size decreases. The gradual change 




Figure 4-20. Microstructures of the thermomechanically processed Mg-14wt%Li-Al 
alloy at different temperatures 250°C, 350°C, and 450°C and strain rates of 1, 0.1, 0.01, 
and 0.001 /s. 
Fig. 4-21 represents the optical microscopic images of the post TMP alloys at a constant 
strain rate and different temperatures. In all the samples equiaxed grains have been 
observed, no other types of structures have been noticed (e.g., columnar).  
 Temp








4.2.3.2. Effect of temperature on microstructure  
A significant increment in grain size has been observed while the temperature is 
increasing. The elevated temperature of 250 oC to 450 oC has a significant effect on grain 
size increment at a constant strain rate. The grain size increment at high temperature 
follows the simple grain growth rule. 
According to the literature, grains will grow in size from very small to very large. The 
material with smallest grains would possess the largest surface area to volume ratio. 
Due to their bigger surface area, it is more probable they will dissolve (melt) with rising 
temperature. Afterwards, this melted or dissolved portion gradually deposits on the 
remaining large grains. The large size grains turn into even larger consuming the small 









Figure 4-21. Microstructure at 0.01/s  a) 250 oC, b) 350 oC, c) 450 oC. 
However, when the microstructure of post-TMP samples was compared with the as 
received alloy, a significant reduction in the grain size for the 250 oC deformed sample 
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was observed. This deformation temperature was not enough to start grain growth 
process after dynamic recovery and recrystallization.  
4.2.3.4. Effect of strain rate on microstructure 
Fig. 4-22 illustrates the microstructural changes as a result of strain rate change at a 
constant temperature. Because of strain rate increment, grain size decrement is notable. 
The microstructure for 1/s strain rate is much finer than the 0.001/s at a constant 
temperature of 450 °C. Potentially, a higher strain rate does not provide enough time for 













Figure 4-22. Microstructures at 450 °C and different strain rates a) 0.001/s b) 0.01/s c) 
0.1/s c) 1/s. 
4.2.3.5. SEM 
SEM images are demonstrated in Fig. 4-23 for the same strain rate of 0.01/s at various 
temperatures of 250°C, 350°C and 450 °C. It has been observed that the single β-Li phase 
is dispersed inside the grain or at the grain boundaries. Also, the grain boundaries are 
visible clearly. It is worth mentioning that Mg17Al12 compounds exist in this alloy. 
Upon comparing the Figs. 4-24a, b and c, it is obvious that elevated temperature 
deformation increases the grain size and decreases the density of particulates (Mg17Al12). 















Figure 4-23. SEM images for deformed samples at 0.01/s strain rate and deformation 
temperature of a) 250 oC, b) 350 oC, c) 450 oC. 
Figure 4-24 shows the graph of mass percent of Mg, Al and O in this alloy. Mg 
possesses the highest peak because of its high mass percent in this alloy. Al shows the 
smallest peak due to its low mass percent. Micro-area chemical compositions are 
presented in the Table. 4-2. According to the EDS result, the presence of mass percent of 
Oxygen in the composition of this alloy is high which means that an oxide or hydroxide 
layer has formed due to oxidization. As this type of alloy can easily be oxidized amid 






Figure 4-24. Micro-area chemical composition graph from SEM-EDS. 
Table 4-2. Micro-area chemical composition analysis result of alloy from Fig. 4-24. 
 
Mg and Al are identified by SEM-EDS in the alloy surface at point 14, 15 and 17 (Fig 4-
25). Li cannot be detected through EDS because of high reactivity of Li and its very low 
density. Due to that reason during chemical process Li compounds easily formed.  
Norm. mass percent (%) 
    Spectrum    O     Mg     Al  
---------------------------------- 
       14     49.81  32.08   1.39 
       15     52.76  30.88   1.58  
       16     53.26  32.14      - 
       17     48.80  30.37   3.03  
       18     31.50  44.59      - 
       20     12.96  62.67      - 
       21     16.28  79.62      - 
---------------------------------- 
Mean value:   37.91  44.62   2.00  
Sigma:        17.55  19.39   0.90   




Figure 4-25. SEM-EDS for alloy composition at surface point. 
4.2.4. XRD 
Typical microstructure for the Mg-14Li-Al alloy before TMP is a wrought alloy 
microstructure (Fig 4-19). This is composed of Li-rich β phase. In general Mg is α-phase 
(HCP). Therefore, it is obvious that the presence of alloying elements has altered the 
phase of the crystal structure. The phase distribution is quite spontaneous. For this 
phase the weight of Li content is 95.9% and Mg content is 4.1%. 
The XRD pattern (Fig 4-26) shows the sharp peaks of β-Li phase in both extreme 
deformation conditions of this alloy. By comparing Fig 4-25. a and b, in the sample 







Figure 4-26. XRD pattern of Mg-Li-Al alloy a) 250 oC, 1/s b) 450 oC, 0.001/s. 
4.2.5. Nanoindentation 
In the nanoindentation process, the loading process is divided into three phases; at first, 
loading to the peak load of 7.5 mN in loading time of 5 s, then holding time of 2 s, and 
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4-27 represents the load-displacement graph attained from nanoindentation results, for 
the as-received alloy.  
 
Figure 4-27. Nanoindentaion results of the as-received alloy. 
Later, for all the thermomechanically processed samples, the same amount of load (7.5 
mN) and loading time have been enforced. The typical load-displacement graph 
observed at room temperature has been shown in Fig. 4-28. The load-displacement 




Figure 4-28. Nanoindentation results of the TMPed alloy. 
Fig. 4-28 illustrates that the nanomechanical behavior of β-phase present in the 
investigated Mg-Li-Al alloy which is analyzed by the load–displacement (P–h) 
relationship. The P–h curves of the deformed samples at different temperature overlap 
with each other and this shows their similar deformation behavior, which might 
outcome in same type of nanomechanical properties. A close look at Fig. 4-28 depicts 
that the deformed sample at 250 oC is harder than the 450 oC (depth of penetration is 
less for the same amount of load). The hardness and elastic modulus values found for 
different samples are provided in Table. 4-3. 
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It is interesting to figure it out that the hardness of the as received alloy was lower than 
the TMP samples. This is because of the grain refinement induced by the TMP cycles.  
The nanoindentation technique can evaluate the nanohardness and elastic modulus of 
the deformed samples at different conditions. It has been observed from the SEM 
diagram that (Fig. 4-24) in case of the TMP samples, ultrafine precipitates exist together 
with the Mg17Al12 compounds. It is most probable that these ultrafine precipitates and 
coarse Mg17Al12 precipitates trap the dislocations motion and restrict the deformation 
mechanism. Therefore, the hardness and elastic modulus of the deformed samples are 
higher than that of as received one. 
The maximum penetration depth value of the sample deformed at 250 oC was lower 
than the 350 oC, as illustrated in Fig. 4-29. In case of deformed samples, while increasing 
the deformation temperature a decrease in the hardness level has been noticed. With the 
increment of temperature, grain growth as well as precipitation coarsening occur, thus, 
dislocation trapping decreases in compare to the low deformation temperature. This 
results in the enhanced ductility of the sample. Moreover, thermomechanical processing 
promotes the multiplication of mobile dislocations.  This illustrates that TMP is also 
responsible for an increase in the hardness of the individual deformed sample in 
compare to the initial sample. 
The nanoindentation load/depth graph confirms that there is no mechanical instability, 
i.e. serrated yielding characteristic, was observed for all the samples of Mg-14Li-Al 
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alloy. This yields that the deformation of all the samples including initial sample (before 
TMP), are homogenous. Therefore, dislocation source activation and their 
multiplication are appropriate.  
As observed in Table 4-3, the as-received alloy possesses low hardness and elastic 
modulus compared to the thermomechanically processed samples. This can be 
attributed to the grain refinement in the TMPed samples. The hardness and elastic 
modulus among the TMP samples show downward trend with increasing the 
deformation temperature (Table 4-3). This is attributed to a decrease in the work 
hardening rate as well as grain growth and coarsening of the 
precipitates/microstructural phases. 
Table 4-3. Hardness and elastic modulus results 
Material Condition E (GPa) Hardness (GPa) 










250°C 62 ± 2.5 1.30 ± .02 
350°C 56 ± 3.2 1.12 ± .04 




4.2.6. Constitutive equation of the Mg-14Li-Al alloy 
To comprehend the high-temperature plastic deformation behavior, it is required to 
research the constitutive attributes of the Mg-14Li-Al alloy. To find out the material 
parameters required for the constitutive equations, the hot compression flow curves at 
different strain rates and temperatures can be utilized. The stress-strain curves attained 
from the experimental analysis for this alloy at the strain rates of 1, 0.1, 0.01, 0.001 /s and 
temperature range of 250°C, 350°C, and 450°C, are appeared in Fig. 4-18. The peak 
stress graph of the deformed samples during different hot compression testing 
conditions is shown in the graphs (Fig. 4-29). Due to the decreasing trend of flow stress 
there is an increase of deformation temperature at a constant strain rate. Also, flow 
stress rises with the increase of strain rate at a given temperature.  
 
Figure 4-29. Peak stress curves of the studied Mg-14Li-Al alloy. 
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Considering the deformation temperature (T), strain (ε), strain rate (έ) the true stress-
strain curves the value of compressive flow stress is determined. Therefore, flow stress 
can be written as [58]: 
σ  = σ (T, ε, ε̇)                       (4-12) 
The relation between temperatures (T), strain (ε), and strain rate ( &) at different stress 
levels can be expressed using the following equations: 
ε̇ = Aσm exp (−
Q
RT
)            (4-13) 
ε̇ = Aexp(βσ)exp (−
Q
RT
)           (4-14) 
ε̇ = A[sinh(ασ)]n exp (−
Q
RT
)          (4-15) 
where, Q is the activation energy for hot deformation (KJ/mol), R is the ideal gas 
constant (8.314 J/ (mol.K), T is the absolute temperature (K), σ is the flow stress (MPa) at 
a given strain, A, n, α, and β are temperature independent materials constants, where α 
= β/n1, A is hyperbolic sine constant, n is hyperbolic sine power, and α is the stress 
multiplier. 
Equations. 4-13 & 4-14 are valid for low stresses when ασ<0.8, and for high-stress 
level ασ > 1.2, respectively. Eq. 4-15 is applicable to all stress levels.  
By taking the natural logarithm of equation 2, 3, and 4 one can find that [59, 53]: 
lnεˑ̇ = lnA +mlnσ −
Q
RT
           (4-16) 
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lnεˑ̇ = lnA + βσ −
Q
RT
          (4-17) 
lnεˑ̇ = lnA −
Q
RT
+ 𝑛𝑙𝑛[sinh (ασ)]         (4-18)  
From Eqs. 4-17, 4-18 the relation between ln𝜖˙- σ and between lnϵ˙- 𝑙𝑛σ are found by 
utilizing flow stress data under various temperatures and strain rates under a definite 
deformation condition (i.e. ε = 0.2), see Figs. 4-31 & 4-32. The slope of linear 
relationship fitting graphs would be n1 and β.  
4.2.7. Constitutive analyzing using the Zener-Hollomon model 
Zener Hollomon (Z) parameter is commonly utilized to depict both the effects of strain 
rate and temperature on the hot deformation behavior of materials. The equation for Z 
parameter can be written as: 
𝑍 = έ exp (
Q
RT
) = A[sinh(ασ)]n          (4-19) 
Activation energy can be found by differentiating equation 8: 






}                                                     (4-20) 
The slopes of the lines are derived with a certain strain (ε = 0.2). Considering the mean 
value of the slopes, n= Q1 = 4.63, Q2 = {
𝜕𝑙𝑛[sinh(ασ)]
𝜕1000/𝑇
} is achieved from the slope of the 
curve 𝑙𝑛[sinh(ασ)]- 1000/𝑇 in a certain strain [53] from Figs. 4-33 & 4-34. The value of 
𝑙𝑛[sinh(ασ)] is calculated utilizing the experimental stress data and α under different 
temperature and strain rate. The mean value of slopes gives Q2 = 4.12.  
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The value of lnA-Q/RT would be average intercept of the fitted curve. Therefore, lnA= 
36.5, and α = 0.018. In the constitutive equation, the effect of strain is explained by 
expecting that the material constants (α, n, Q and lnA) are a polynomial function of 
strains. The values have repeated calculations using data for different strains, ε = 0.2, 
0.25, 0.3, 0.35, 0.4.  



















































       (4-22) 
Substituting the values of (α, n, Q and lnA) in Eq. 4-22, we get the flow stress at 
elevated temperature. 
Fig. 4-31 demonstrates a correlation between the determined peak stresses dependent 
on hyperbolic-sine function and the deliberate peak stresses. The outcomes show that 
the computed stresses are reliable with the measured stresses, displaying that 
hyperbolic-sine function can depict the hot deformation process precisely. Along these 
lines, the hyperbolic-sine function is resolved as the constitutive condition for the tested 
Mg-Li-Al alloy; as proposed deformation constitutive equation gives an exact and 
precise estimate of the flow stress for this alloy, and can be utilized to examine the 




Figure 4-31. lnϵ˙-σ relation curves; symbols show the experimental data and solid 
lines represent best linear fit. 
 
Figure 4-32. lnϵ˙−lnσ relation curves; symbols show the experimental data and solid 





















Figure 4-33.  lnϵ˙-ln[sinh(ασ)] relation curves; symbols show the experimental data 
and solid lines represent best linear fit. 
 
Figure 4-34. lnϵ˙-ln[sinh(ασ)] relation curve symbols show the experimental data and 




















Figure 4-35. Comparison between the measured peak stress and the calculated peak 
stresses based on hyperbolic sine function. 
In this part of the thesis a comparison is made between two studied alloys, Mg-3.5Li-
1Al and Mg-14Li-1Al, to provide an overview on their mechanical and microstructural 
characteristics as well as their TMP responses. 
4.3. Comparison between Mg-3.5Li-Al & Mg-14Li-Al alloy 
4.3.1. Mechanical Properties 
Mg-3.5Li-Al is denoted as “A” and Mg-14Li-Al denoted as “B” to follow easily in the 
comparison.  
Due to the difference in weight percentage of Li inclusion in Mg there is phase 











































structure and mechanical properties are different. Table. 4-4 provides the fundamental 
differences between these alloys.  
Table 4-4. Characteristics differences of the alloys 
Characteristics Mg-3.5Li-Al Mg-14Li-Al 
Phase α-Mg β-Li 
Structure HCP BCC 
Type of Phase Hard Soft 
Deformation behavior Brittle Ductile 
Corrosion resistance Better Poor 
 
4.3.2. TMP results comparison 
Upon TMP, some major changes happen in both alloys in compare to their as-received 
samples. Hot compression flow graphs highlight the deformation characteristics after 
deforming the samples at elevated temperature of 250 oC, 350 oC and 450 oC and strain 


















Figure 4-30. Flow graph comparison. 
Fig.4-36 shows the flow behavior for two alloys. Since the alloy “A” contains α-phase, it 
is the harder one, when deformed at lowest temperature of 250 °C and highest strain 
rate of 1/s. Alloy “B” contains β-phase which is softer; if deformed in highest 
temperature of 450 °C and lowest strain rate of 0.001/s it gives the very low stress value 
of ~ 1MPa. For the alloy “A” the stress level at all conditions are higher than that of 
alloy “B”. Also, same trend of flow graph has been observed for all the temperature and 
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stress level increases. At a constant strain rate, with increase in the temperature stress 
level decreases.  
4.3.3. Microstructures 
Microscopic observations (Fig. 4-31) yield that in the alloy “A” some recrystallized 
grains called “necklace structure” are present. However, in the case of alloy “B” there is 
no evidence of that kind of recrystallized structure. This can be attributed to the 
presence of higher percentage of Li which is reactive. When Li content is more, 
diffusion occurs faster therefore the recrystallized grains cannot form. 
 
 













4.3.4. Nanoindentation results 
In this study, nanoindentation testing on two thermomechanically (TM) processed Mg–
3.5Li–1Al and Mg–14Li–1Al alloys were carried out within the hcp α-phase and the bcc 
β-phase respectively to reveal the mechanical properties of the individual compositions.  
A comparative study on post-TMP properties at 1/s strain rate has been provided in 
Table. 4-5. 
Table 4-5. Hardness & elastic modulus properties comparison 







As-received alloy 1.01 ± 0.02 0.95 ± .01 
250 oC 1.45 ± 0.05 1.30 ± .02 
350 oC 1.23 ± 0.04 1.12 ± .04 











As-received alloy 48 ± 2.5 45 ± 1.5 
250 oC 82 ± 4.5 62 ± 2.5 
350 oC 61 ± 3.1 56 ± 3.2 
450 oC 57 ± 3.7 55 ± 2.1 
As received alloys for two different compositions were also analyzed to study the effect 
of TMP on the mechanical properties, such as hardness and elastic modulus. The 
average hardness and elastic modulus values of TM processed samples measured by 
nanoindentation were observed and found to be higher than that of as-received alloy. 
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The elastic modulus and hardness values of both alloys are increased upon the TMP. 
Serrated flow due to the Portevin–Le Chatelier effect has appeared in the TMPed Mg–
3.5Li–1Al alloy and explained in detail; however, in the Mg–14Li–1Al alloy serrations 







Figure 4-32. Nanoindentation results comparison a) the Mg-3.5Li-Al alloy, b) the Mg-
14Li-Al alloy. 
Both alloys are single-phase extruded wrought alloys; α- phase alloy “A” and β-phase 
alloy “B”.  Both phases are characterized by the load–displacement (P–h). In the case of 
alloy “A” containing α-phase, the highest displacement (hmax) was observed for the as-
received alloy. For alloy ‘’B” the maximum displacement is comparatively less which 
means alloy “A” is the harder one.  
A close observation of the TMP samples reveals the hardness and elastic modulus 
values. The hardness values for the deformed samples in the “A” alloy in comparison to 
the “B” alloy was higher in (table 4-5). In addition, it is interesting to note that the 
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elastic modulus value is higher for alloy “A” compared with the alloy “B”.  The 
investigated magnesium alloys are age-hardenable; it could be possible that the 
ultrafine precipitates and coarse MgLiAl2 precipitates anchor the motion of dislocations 
and provide resistance to deformation in the alloy “A”. Hence, the hardness and elastic 
modulus of the α-phase in the alloy “A” is higher than that of β-phase in alloy “B”. 
Thus, the nanoindentation technique could evaluate the nanohardness and elastic 
modulus of the α- and β-phases.  [61] 
The mechanical instability, i.e. serrated flow, was also commonly observed in the alloy 
“A”, as shown in Fig. 4-32. This proves the mechanical instability during the 
deformation of all the α-Mg phase, due to activation and multiplication of dislocation 
sources. The phenomenon in which repeated yielding happens during plastic 
deformation of the alloys is known as the Portevin–Le Chatelier (PLC) effect or serrated 
yielding. The PLC effect leads to dynamic strain ageing and is caused by interaction 
between dislocations and mobile solute atoms. It is notable from Fig. 4-32b that alloy 
“B” does not show any serrations in the load-displacement graph and it is same for all 
the conditions.  Since, 14 wt% addition of Li into Mg forms a less dense structure. It 
does not allow to grow that volume fraction of precipitates which end up blocking 
dislocations during plastic deformation.  
In this project, the instrument used, and the indentation rate were kept identical for the 
phase present in alloys “A” and “B”. Thus, the effect of indentation rate and 
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instrumental error was common for all hardness tests and consequently neglected in 
comparison between mechanical instability behaviors of different phases of Mg-based 















5. Conclusion and Future Work 
This research was all about a single-phase Mg-3.5Li-Al (wt%) and a dual phase Mg-
14Li-Al (wt%) alloy, considering their structure-property-processing condition for 
various weight saving applications. To do so, the mentioned alloys were first 
thermomechanically processed (uniaxial hot compression testing). Afterwards, 
microstructural, post thermomechanical properties, and hot compression stress-strain 
graphs were studied to observe the changes in properties upon the thermomechanical 
processing (TMP).  We intend to observe the relation among the microstructure with the 
small-scale properties and processing parameters (i.e. thermomechanical parameters, 
temperature and strain rate).  The hot compression tests were carried out at 
temperatures of 250°C, 350°C, and 450°C and strain rates of 1, 0.1, 0.01, and 0.001 /s 
using a Gleeble® 3500 thermal-mechanical simulation testing system. True stress-true 
strain graphs obtained from the thermomechanical tests were studied to observe and 
analyze the working behavior of the materials, and to comprehend the microstructural 
evolution which express intrinsic mechanical properties. Microstructural evolutions, hot 
compression stress-strain curves, and nanoindentation load/displacement response, to 
study post-processing mechanical properties, for both alloys were discussed thoroughly 
in this research work. Additionally, a generic comparison between the two assessed 
alloys was done to comprehend differences in their mechanical properties. 
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5.1. Conclusions  
In this study, elevated temperature behavior (or TMP) and post-TMP micromechanical 
properties of ultralight Mg-Li alloys were studied. To this end, OM, SEM, flow patterns, 
and instrumented indentation results were assessed in detail. The followings are the 
main findings of this research: 
5.1.1. Mg-3.5Li-Al alloy 
• Trends show a dynamic recrystallization response at all temperature and strain 
rates during the thermomechanical processing of Mg-3.5Li-1Al alloy. 
• PLC effect is observed in the studied Mg-3.5Li-Al alloy in both as received and 
TMPed materials.  
• The hyperbolic-sine function can explain the hot deformation process of the alloy 
quite accurately.  
• MgLiAl2 precipitates and solute atoms are considered as contributing factors to 
the observed PLC effect. 
5.1.2. Mg-14Li-Al alloy 
• At constant strain rate with an increase in deformation temperature, grain size 
increases. At constant temperature, with increase of strain rate grain size 
decreases. 
• Dominant microstructural mechanism is Dynamic Recovery.  
128 
 
• Hardness and elastic modulus of the TMPed samples are comparatively higher 
than the as-received sample. 
• The presence of Mg17Al2 compounds are the reason for increased hardness and 
elastic modulus in the TMPed samples. 
• No PLC effect were observed in the Mg-14Li-Al alloy neither in as-recived nor in 
the TMPed materials. 
• The hyperbolic-sine function can calculate the stress values quite accuratly. 
5.1.3. Comparison of Mg-3.5Li-Al and Mg-14Li-Al alloy 
• Compared to the Mg-14Li-Al alloy, Mg-3.5Li-Al alloy is the harder. 
• No PLC effect were observed in the Mg-14Li-Al alloy. This is probably due to the 
higher percentage of Li addition.  
5.2. Future Work 
The main limitation of this work was lack of advanced microstructural assessment to be 
able to expalin the contolling mechanism in detail. Therefore, to further expand this 
research work it is suggested to run electron backscaterred difraction (EBSD) as well as 
TEM assessmenst to clearly observe the evolution in the microstructure employing 
different TMP parameters. By doing this, one can study, more in detail, the texture and 
pole figures of the deformed specimens and the as-recived material. The TEM can well 
be adopted to better explain the PLC effect with robust crystalline evidences. It is also 
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recommended to run high strain rate compression tests (i.e. 101, 102, and 103) to shed 
light on the srain rate sensitivity of the TMPed samples as compared with the as-recived 
material. It could be intereting to study the microstructural and physical phenomena, 
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